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Abstract
In the continuous quest for better surgical treatment, reduction of physical trauma, faster
postoperative recovery and better cosmetic results, technological progress and the
evolution of several diagnostic and therapeutic techniques have led to the rapid
development of mini-invasive techniques that use the human body's natural orifices and
thus completely eliminate all types of incision. One of these techniques is NOTES (Natural
Orifice Transluminal Endoscopic Surgery), a surgical technique that accesses the
peritoneal cavity and thorax through natural orifices without generating any scars.
The purpose of this research is to develop innovative technological tools for mini-invasive
surgery through an interdisciplinary and user-involved approach. The goal is to improve
interaction with the surgical tool, physically as well as cognitively. This allows the
development of solutions that meet the needs of the surgeon and the medical team, and
ultimately is for the benefit of patients and the evolution of medical science. This paper will
introduce the reader to the challenges in undertaking a user-centered design approach for
design of medical equipment. Based on the considerations above, this project was decided
to undertake an innovative research exploring the surgery world in terms of design to find
effective and innovative design solutions through multidisciplinary collaboration between
the Laboratory PUL (Product Usability Lab), Biodesign Lab of the INDACO Department,
Politecnico di Milano and the AIMS Academy (Advanced International Mini-invasive
Surgery) of Niguarda Hospital.
The research objective is to provide new scenarios and guidelines for the design of flexible
surgical platforms. The overall approach was a user-centred and user-involved design
process with use of structured methodologies stemming from the design discipline.

Keywords: NOTES, mini-invasive surgery, user-centered design,
ergonomics

186

Conference Proceedings

Design for NOTES:
A new vision of a flexible endoscopic platform

Introduction
Over the last decades, surgery has evolved towards becoming less and less invasive.
Laparoscopy implied a major paradigm shift in the 1980’s and 1990’s and progress within
several diagnostic and therapeutic techniques have led to the rapid development of miniinvasive techniques that use the human body's natural orifices and completely eliminate
all types of incision. One of these techniques is Natural Orifice Transluminal Endoscopic
Surgery (NOTES), a surgical technique that accesses the peritoneal cavity and thorax
through natural orifices without generating any scars. Thus, leading to enhanced wellbeing, faster recovery and less postoperative complications for the patients.
The technologic development of surgical techniques does not only affect the patients; it
has also a great impact on the work condition of the surgeons managing the
interventions. Technologically advanced surgical equipment managing complicated high
precision interventions implies a large workload for the surgeon, both cognitive and
physical. Long-lasting interventions where the operating surgeon cannot take a break
further increase the load and put demands on the design of the surgical environment in
general and on the instruments in particular.
However, despite technological leaps to the benefit of the patients’ health and well-being,
the ergonomics and usability of surgical instruments have not evolved notably over the
years that mini-invasive techniques have been present. It is though unhesitatingly so that
not only the surgical instruments’ interface towards the patient is of significance for the
prosperity of the intervention; also the interface between surgeon, instrument and
surrounding context may influence performance of the surgeon in the short run - and
certainly will so in the long run.
One of the major problems that limit the ability to operate endoscopically only, without the
need of additional abdominal incisions, is the lack of ergonomically designed tools,
facilitating the precision demanding tasks of the surgeon. The NOTES technique is still in
need of dedicated tools and technology to improve, in order to broaden the range of
interventions possible. The instrumentation in use today, is rigid and does not allow the
same flexibility as in traditional and endoscopic surgery, limiting the amount of operations
possible to perform. The use of specifically designed, flexible surgical equipment is
fundamental in mini-invasive surgery, increasing the range of possible motions and
enabling the use of these techniques even in tight spaces, where the human hand cannot
reach. In this context, one may speak of surgical flexible platforms, a new generation of
tools that stem from an evolution of the endoscope into a new system that allows the
same potential and versatility as traditional surgical techniques.
In the last ten years interest in science projects and the study of specific solutions
regarding the human being has accentuated and increased the cooperation between
different disciplines, such as, bioengineering and medicine. For industrial design
engineering, just like for other disciplines, there has been a noticeable change in the
approach towards the human being and its body. In this scientific and cultural context,
biodesign therefore concentrates on the human body as a physio-biological unicum for its
oriented analysis, technology and applications.
This study aimed to answer to the question: How can theories and methods from the
user-centered design field help improving surgeons’ performance by minimizing cognitive
and physical workload during mini-invasive surgery in general, and NOTES technique in
particular?
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This kind of project needs an interdisciplinary approach typical of Biodesign discipline, a
nucleus of competencies in the areas of design, ergonomics, medicine and engineering.

Background
Ergonomics as a science has, since its early findings that performance of industrial
workers decreased when working under non-ergonomic circumstances (Bubb, Feussner,
Vereczki, 2003) implied the development of ergonomic tools and equipment as well as
work procedures that minimize fatigue and stress related injuries. Moreover has it
contributed with knowledge of the natural body postures as preferable when under
physical load, as well as the importance of avoiding static postures and repetitive
movements during prolonged time.
However, along with the expansion of ergonomic knowledge and ergonomically correct
equipment, it has been noted that the amount of stress related injuries do not decrease
with the same rate. One explanation may be that under the pressure of mental workload
such as stress, demanding tasks or overwhelming information input, we are prone to
taking shortcuts and using our body and tools in ergonomically incorrect ways (Bligård
and Osvalder, 2010). Thus, cognitive and physical factors must be studied together with
the aim to develop products with good usability as well as characteristics that enable
good physical ergonomics.
Bligård and Osvalder (2010) suggest a more holistic approach for such studies, taking
contextual factors as well as user characteristics, tasks to be performed and humanmachine interaction into account. This view is well inline with the ISO definition of
usability, defining the term as “...the effectiveness, efficiency and satisfaction with which
specified users achieve specified goals in particular environments” (ISO DIS 9241-11).
Hence, usability is not a property of an isolated product but a characteristic that occur in a
use system during the interaction between user, product and context with the aim to
reach a certain goal.
The need of such a holistic approach when studying surgeon’s work conditions in miniinvasive surgery is supported by the findings of several studies on the same subject. In a
survey answered by 100 surgeons, 58% reported pain in neck and lower back during
interventions lasting for over 4 hours; however only 3% applied ergonomic guidelines for
surgery (Dalla Toffola, et al. 2009). A combination of high levels of physical and mental
stress of surgeons during laparoscopic surgery is reported by Vereczki, Bubb and
Freussner (2003) with the occurrence of the so-called surgical fatigue syndrome for
operations lasting over 4 hours. The syndrome is characterized by “mental exhaustion,
reduced dexterity and a reduced capacity of good judgments”. In an observational
research study of medical staff during 12 endoscopic operations, both physical and
cognitive problems were reported caused by factors concerning design of instruments
used, contextual factors such as light conditions and lack of space and complexity of
tasks to be performed (Goossens, et al. 2003).
Regarding physical ergonomics of mini-invasive surgery, several studies have been
made on laparoscopy, but less on newer techniques including NOTES. The studies of
laparoscopy show that surgeons have a more straight, but at the same time more static
posture compared to open surgery (Abu-Ghaida, et al. 1996). The static loads lead to
discomfort and pain in neck, shoulders and back, in one study reported by as many as
80% of the approached surgeons (Goossens, et al. 2006).
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Method
A field study was carried out in Niguarda Ca’Granda Hospital in Milan, Italy, in
cooperation with AIMS Acadamy, Product Usability Lab and Bio Design Department of
The Politecnico di Milano. The study was divided in two parts; the first part keeping a
broad perspective on the use system around mini-invasive surgery, and the second part
with a targeted focus on usability and ergonomics of the endoscope.

Part 1: Observational Research
Observations were made in order to get a broad and basic understanding of the work
conditions for surgeons during intervention in the operating theatre. Eight surgeons
training laparoscopic and endoscopic surgery in vivo, were studied by direct nonparticipant observations during four sessions in total. The operating theatre as context
was studied during observations of a preparation session before surgery. The
documentation method was mainly video acquisitions, but also photography and field
notes.
The analysis of the gathered data mapped the use system and its ongoing interactions
and aimed to identify contextual factors influencing the performance. The surgeon’s
interaction with the context, i.e. surgical equipment, assisting physicians and patient was
mapped and an Hierarchical Task Analysis (HTA) (Stanton, 2006) was made in order to
map the task of performing an endoscopic gastrostomy, a surgical opening into the
stomach typically used for enteral feeding.

Part 2: Usability Test
A usability test was arranged in order to investigate ergonomic and usability aspects of
NOTES surgery. The test included six participants: two novice users, two with medium
experience and two highly experienced endoscope users. A various expertise of the
participants was desired in order to investigate how experience influence posture and
load.
The usability test was set in an operating theatre (see figure 1) with actual equipment and
assistance including endoscope, endoscopic instruments and monitors (all equipment
from Karl Storz) as well as a trained nurse operating the endoscopic instruments. The
test contained three tasks of increasing difficulty:


Manoeuvrability: touching points on 2D surface. The participants were presented
to a closed box with the numbers 1-12 written on the inner backside. By inserting
the endoscope tube through a hole on the front side, they were to touch numbers
in a given sequence. Each number was fenced with a five centimetre deep and
seven centimetre wide tube to force manoeuvring perpendicular to, as well as
parallel with the back surface. The closed box aimed to simulate a real surgery
setting, where the participant needed to use the monitor for visual feedback of
manoeuvring during the task.



Operativity: moving objects in 3D. In an identical box setting as above, the
participants were given the task to move a number of rubber rings between cones
located on the bottom surface of the box. The rings were to be moved in a given
sequence and were grabbed by an endoscopic grasper operated by the assisting
nurse. In this task, the participants capability of manoeuvring the endoscope,
maintaining position during operation and coordinating actions with the nurse,
was tested.
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Gastrostomy: simulated surgery. The participants were asked to perform a
gastrostomy simulated on a pig stomach. The task included inserting the
endoscope tube through the orifice of the stomach, manoeuvring to the site of the
gastrostomy and cutting and opening in the wall of the stomach. The whole
procedure was assisted by the nurse operating the endoscopic instruments.

Figure 1 Usability test setting

In order to estimate the usability measures effectiveness and efficiency of the endoscope,
the performance of each participant was in the first two tasks measured in time and
number of errors, while in the final task measured in time and quality of the cut.
A detailed analysis of the usability of each action of a surgery was performed on the third
task of the use test. The analysis was based on the HTA from the first part of the analysis
and each action was graded on a scale from one to five, where one meant no usability
problem and five meant serious usability problem, immediate intervention required.
Besides analysing usability aspects of the use test, the interaction between user,
endoscope and context was investigated in an ergonomic point of view. For the
ergonomic analysis three different ergonomic evaluation methods were used. Ovako
Working Posture Analysis System (OWAS) (Corlett and Bishop, 1976) was used to
estimate the risk of body disorders due to postures used when performing endoscopic
interventions. It gives a quick but rough estimate of the risk for injuries related to a
prolonged work in a certain posture. By rating the posture of back, arms and legs as well
as the load carried, a value between one and seventeen classified into one of four action
levels, is gained. Rapid Upper Limb Assessment (RULA) (McAtamney and Corlett, 1993)
focuses on arms and shoulders and was used in order to target the investigation on the
most critical body parts during use of endoscope. In RULA, the body is divided and
evaluated in two parts: upper limbs and trunk/head/legs, hence giving arm- and shoulder
postures extra weight. Besides rating the posture, extra points are added if a body part is
twisted, abducted or static. A final score, given on a scale between one and seven is, like
in OWAS, classified into one of four action levels.
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Ultimately a PLIBEL (Kemmlert, 1995) analysis was made in order to map physical
ergonomics with social and contextual factors. Throughout the analysis, the researcher
relates the contextual factors with how they may contribute to ergonomic injuries.
Based on the knowledge gained by the study, requirements and guidelines were stated
as synthesis and brief for future design of flexible endoscopic platforms.

Results and Discussion
Part 1: Observational Research
The initial study provided the researchers with a basic and essential understanding of the
use system surrounding mini-invasive surgery; including patient, medical staff, surgical
equipment, the operating theatre as physical context as well as duration of tasks and
procedures. Special attention was drawn to how the surgeon interacted with staff
members and artifacts during the operation procedure.

Figure 2 Main interactions during operation including patient, medical staff, surgical
equipment and the operating theatre

In the use system of endoscopic surgery, the surgeon is the centre and the junction point;
as good as all information is either an input to, or and output from the surgeon and (s)he
interacts with several information sources, see figure 2. The communication occurs as
visual, auditive and verbal information exchange as well as tactile interaction with
instruments and regulators.
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Visual information is obtained mainly from monitors, showing e.g. the video acquisition of
the endoscopic camera and vital parameters of the patient. Monitors are situated at
several locations in the operating theatre, distracting the surgeons attention among them.
Note that the visual interaction with the surgical tasks is not direct by looking at the
patient as in open surgery, but mediated via the endoscopic camera and attached
monitor.
Auditive and verbal communication occurs as signals from equipment and dialogue
between staff members. Essential is the dialogue between surgeon and the assisting
nurse, operating the endoscopic instruments.
Among the tactile interaction, the knobs on the endoscope handle maneuvering the shaft
and the two foot pedals activating the endoscopic instruments are central. However, the
tactile interaction is somewhat distort compared to traditional surgery, as movements
required to operate the tool as well as the tactile feedback of the same, is not direct, but a
representation of the physical reality only. Compare with steering a motorcycle with your
hands, arms and weight, feeling the friction of the street when turning, in contrast to a
motorcycle game controlled by your fingers pressing the arrow keys on a computer
keyboard.

Part 2: Use Test
Usability test results
The performance of the participants in the usability test was measured in time and errors
for the two first tasks and in time and quality of the scar in the third task. The quality of
the cut was determined by the deviation in millimeters from the desired width (15 mm)
and in the accuracy of welding the edges. see table 1,2 and 3. The test results tended to
diverse more between the experienced and novice users in the third and more complex
task, compared to the two earlier where all participants managed the tasks in a timely
manner and with relatively few errors.
Participant

Time

Errors

1 Novice

1’28”

1

2 Novice

3’09”

3

3 Medium experienced

1’09”

1

4 Medium experienced

1’41”

0

5 Expert

1’23”

1

6 Expert

2’21”

1
Table 1

Usability test task 1: Maneuverability
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Participant

Time

Errors

1 Novice

2’33”

2

2 Novice

1’57”

0

3 Medium experienced

2’40”

3

4 Medium experienced

4’47”

4

5 Expert

1’38”

0

6 Expert

2’21”

1
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Table 2
Usability test task 2: Operativity

Participant

Time

Quality of scar

1 Novice

10’44”

+5 mm, welding failed,
burnt tissue

2 Novice

11’05”

+5 mm, welding failed,
burnt tissue

3 Medium experienced

6’58”

+2 mm, edge partly
welded

4 Medium experienced

8’37”

+4 mm, edge welded
some burnt tissue

5 Expert

5’33”

±0 mm, straight welded
edge

6 Expert

failed

Table 3

Usability test task 3: Gastrostomy

HTA
An HTA for a gastrostomy, colour coded with five grades where red indicated operations
with most severe usability issues. In the gastostromy task, operations with red grading all
included interaction between surgeon and the assisting nurse, operating the endoscopic
instruments. These operations turned out particularly difficult due to the fact that complex
and precision requiring tasks required coordination between two users.

Ergonomic Analysis
Below follow summarized results from the ergonomic evaluation methods used: OWAS,
RULA and PLIBEL.
The OWAS analysis resulted in a posture and load related rate of five, on the scale from
one to seventeen, see table 4. The rate belongs to action level two out of five (where five
indicates the highest ergonomic risks): Posture slightly incorrect. Corrective measures in
the near future. The main finding of the OWAS analysis was ergonomic stress caused by
unbalanced weight on the feet, since the surgeon repeatedly operates one of two foot
pedals and constantly needs to switch pedal.

Body part

Position

score

Back

straight

1

Arms

both
arms
shoulder height

Legs

Weight on one leg 2
when using foot pedals

Load

1,3 kg

below 1

1
Table 4
OWAS score
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In the RULA analysis, one score was generated for each of the body parts, see table 5.
The ultimate score generated according to the RULA methodology was six, on a scale
from one to seven, corresponding to the third of the four action levels (where the fourth
indicates the highest ergonomic risks): Investigations and changes required soon.
Notable are the high scores for wrists, arms and neck. The wrist gained a high score due
to repetitive movements when turning the knobs that maneuver the flexible shaft. The
arms are kept in a static position when holding the endoscope and pauses are seldom
taken due to the fact that the instrument is entirely handheld. The high neck score
originated mainly from the fact that the position of the main monitor forced the surgeon to
twist and bend the neck to see the video acquisition of the endoscopic camera.

Body part

Position

RULA score

Upper arm

45°-90° lifted

3

Forearm

>90° lifted, out to side 3
of body

Wrist

0°-15° bended upward, 5
bent
from
midline,
twisted

Neck

10°-20°
bended 3
forward, twisted

Trunk

0°-10°
bended 2
backward, twisted

Legs

Well supported

1

Muscle use

Mainly static

1

Force and load

1,3 kg

0
Table 5
RULA score

The walking surface is often slippery, and uneven due
to extensive cabling on the floor
The space is too limited due for work movements due
to bulky equipment
Endoscope
interface
towards
surgeon
not
ergonomically designed
Height of operating table not properly adjustable
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X

Lower back

Knees, hips

Feet

forearms,
Elbows,
hands

Neck, shoulders, upper
back

The PLIBEL analysis generated a number of contextual factors with impact on the use
situation. They are all stated in table 6 below, with the affected body parts marked up.

X
x

x

x
x
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No possibility to sit down during surgery
Risk of fatigue when using foot pedal, especially
searching for it without leaving the screen with the
eyes
One leg is used more to support body due to one foot
use of pedals
Back is kept flexed forward and slightly twisted
Neck is bent sideways and mildly twisted towards the
screen
Endoscope handle is manually lifted and kept in
shoulder height
Endoscope is repeatedly moved and carried in
uncomfortable way, causing physical fatigue
During intervention tasks are continuously repeated,
causing physical fatigue
Repeated manual work when manoeuvring cause
physical fatigue
Repeated work is performed with uncomfortable hand
position due to lack of ergonomics in the handle

x

x
x

x
x

X

x

x
x

x
x
x
x

x
x

Table 6
PLIBEL analysis

PLIBEL also provides a number of questions regarding psychosocial factors to consider,
in this analysis resulting in the following envisagements:


There is limited possibility for pauses during ongoing surgery, causing physical
fatigue and mental stress.



The surgeon has little influence of what tasks to perform and in what order to
perform them, since the surgery procedure must be kept.



The work is often performed under time pressure and stress.



During surgery, unusual and unexpected situations may occur, that requires
immediate attention form the surgeon.



The environment in the operation theatre is not always optimal when it comes to
sound level, temperature and visual clarity, e.g. light level and visibility of
screens.

In summation, the results of the usability test indicates that the usability of the endoscope
itself is not low, but that the complexity of surgery (gastrostomy) as a task is high,
righteously requiring an expert user. This result is verified in a similar study of endoscope
use (Goossens, et al. 2006). Added to the high cognitive load of the task itself, the
constant interruptions of information input from apparatus and fellow staff members, tend
to cause mental stress. As Vereczkei, Bubb and Feussner (2003) point out “mental stress
can be compensated for with mental effort, but such efforts surely lead to earlier fatigue,
which can be a significant handicap during operations that last for hours”.
The physical stress originating from static posture, unbalanced leg position and repetitive
wrist movements appear similar to what has been shown in studies of laparoscopic
surgery. However with the significant difference that it is even harder for the surgeon to
take micro pauses since the endoscope, in contrast to the laparoscope, is entirely
handheld without any external support. Thus, an unnatural hand- and wrist position must
be kept for a prolonged time, causing numbness in hands and fingers.
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Conclusions
A scientific and ergonomic approach, adopted to analyze both the performances and the
workload of surgeons, provides the guidelines for designing of innovative technologies
able to satisfy the requirements, defined with the user-centered design (UCD) approach.
This research study enables a mapping of the main psycho-cognitive criticalities in the
surgeon-system interaction, of the resulting risk factors and of the user needs and
expectations.
Practically through the original choice of integrating and applying the specific tools of
ergonomics with the care for the difficulties that may be related with the observation of a
critical environment, the project is designed to create an initial database of surgery
assessment, giving rise to a primitive innovative path (through the own instruments of
ergonomist) that can lead us from the currently in-use equipment to the innovative and
flexible surgical equipment for NOTES.
In details the use of ergonomic instruments can lead to:


comprehend the limits in the developing stage of the clinical instrumentations in
general and in particular it could help reduce the number of errors and the
performance problems of the surgeon/ instruments/patient system due to an
overload of stress and tiredness.



contribute to the identification of the critical aspects and of the main components
of the surgical process itself.

Final objective of the project expresses in the realization of a systematic collection of
guidelines, which constitutes the synthesis of the analysis performed during project
development.

Guidelines
Below follow a number of guidelines for future development of an endoscopic platform.
The guidelines are divided in three categories regarding ergonomics, endoscope and
context respectively.

Physical ergonomics
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Design the handle in order to keep arms from 15° to 45° during the phase where
the surgeon is holding the endoscope.



Forearms must be positioned from 0° to 90° to achieve the most suitable position
to minimize arm fatigue.



Wrist should be kept in a neutral position, 0° flexed, straight and not twisted, to
prevent numbness in hands and increase the precision of the most delicate tasks
such as the use of the endoscopic instruments.



Trunk should be as straight as possible in neutral position, from 0° to 10° without
being twisted it or bent neither backwards nor forwards.



The position of the neck should be kept between 0° and 90°, as neutral as
possible without being twisted neither backwards nor forwards, especially during
the use of endoscopic instruments.
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Legs should be straight and extended possibly symmetrical and aligned, in
between the shoulder line, distributing the body balance homogeneously.

Functional guidelines


Increment operative channels may be considered to increase the use of the
instruments and tools.



Include an integrated camera and light source in the flexible shaft, to minimize
need of manual insert of instruments during operation.



Allow the possibility for the surgeon to use the endoscope independently, without
assistants, to guarantee a better and more effective use of the endoscopic
instruments to eliminate the need of coordinated actions between two users.



Re-think the set of instruments to use with the endoscope, to minimize the need
of obtaining information from and interacting with several sources located in
different positions in the operating theatre.

Context


Human-machine interaction and machine-machine interaction should be redesigned to create better work environment to prevent accidents due to the bad
setting of cables, instruments, screens and tools with cable.



Standard display of the instrumentation of the surgery room should be designed
to speed up preparation for surgery and to guarantee surgeon and assistants a
reliable working condition.
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